ABSTRACT: Hydrogels mimic native tissue microenvironment due to their porous and hydrated molecular structure. An emerging approach to reinforce polymeric hydrogels and to include multiple functionalities focuses on incorporating nanoparticles within the hydrogel network. A wide range of nanoparticles, such as carbon-based, polymeric, ceramic, and metallic nanomaterials can be integrated within the hydrogel networks to obtain nanocomposites with superior properties and tailored functionality. Nanocomposite hydrogels can be engineered to possess superior physical, chemical, electrical, and biological properties. This review focuses on the most recent developments in the field of nanocomposite hydrogels with emphasis on biomedical and pharmaceutical applications. In particular, we discuss synthesis and fabrication of nanocomposite hydrogels, examine their current limitations and conclude with future directions in designing more advanced nanocomposite hydrogels for biomedical and biotechnological applications.
Introduction
Engineering complex tissues that can mimic or stimulate native tissue functions hold enormous promise in treating organ failures resulting from injuries, aging, and diseases Langer and Vacanti, 1993; Peppas et al., 2006) . The inability to mimic the complex tissue architecture, and to provide the essential cellular microenvironment are some of the challenges that need to be addressed to control the formation of functional tissues. Designing advanced biomaterials with controlled physical, chemical, electrical, and biological properties will therefore be beneficial to facilitate the formation of functional tissues (Fisher et al., 2010; Lowman and Peppas, 1999; Slaughter et al., 2009) .
Among different biomaterials, hydrogels are one of the potential candidates as they can mimic the physical, chemical, electrical, and biological properties of most biological tissues (Fisher et al., 2010; Kloxin et al., 2010; Slaughter et al., 2009 ). Hydrogels possess a three-dimensional (3D) highly hydrated polymeric network, and can hold up to 20-to 40-fold more water compared with their dry weight. Due to their unique physical properties, these networks can be shaped or casted into various sizes and shapes.
Over the last decade, new applications of hydrogels have emerged, particularly in stem cell engineering, immunomodulation, cellular and molecular therapies, and cancer research (Discher et al., 2009; Tibbitt and Anseth, 2009 ). Most of these applications demand multiple functionalities of the hydrogel network and dynamic interactions between the surrounding matrices and the cells (Tibbitt and Anseth, 2009) . A range of innovations, in polymer chemistry, micro-and nanofabrication technologies, and biomolecular engineering, have pushed the limit for designing composite hydrogel networks with customized functionality (Annabi et al., 2014) . Recent trends also indicate significant and growing interest in developing nanocomposite hydrogels for various biomedical applications (Fig. 1 ). Nanocomposite hydrogels, also known as hybrid hydrogels, can be defined as hydrated polymeric networks, either physically or covalently crosslinked with each other and/ or with nanoparticles or nanostructures. Although there are various opportunities for nanocomposite biomaterials, this review will specifically focus on biomedical applications specifically in regenerative medicine, drug delivery, biosensors, and bioactuators.
A range of nanoparticles such as carbon-based nanomaterials (carbon nanotubes (CNTs), graphene, nano diamonds), polymeric nanoparticles (polymer nanoparticles, dendrimers, hyperbranched polyesters), inorganic/ceramic nanoparticles (hydroxyapatite, silica, silicates, calcium phosphate), and metal/metal-oxide nanoparticles (gold, silver, iron-oxide) are combined with the polymeric network to obtain nanocomposite hydrogels (Fig. 2) . These nanoparticles physically or covalently interact with the polymeric chains, and result in novel properties of the nanocomposite network (Goenka et al., 2014; Schexnailder and Schmidt, 2009; Thomas et al., 2006) . Developing nanocomposite hydrogels with tailored functionality has opened up new possibilities in developing advanced biomaterials for various biomedical and biotechnological applications (Lowman et al., 2004; Peppas et al., 2007) .
In this review, we focused on the recent advances in the designing and developing nanocomposite hydrogels with tailored physical properties and custom functionality. We will discuss the different types of nanocomposite hydrogels and highlight some of the emerging biomedical and biotechnological applications of these hydrogels. In particular, the emerging trends in designing complex hydrogels with multiple functionalities are discussed. We will also evaluate the nanocomposite hydrogels based on the two-phase and multi-phase systems. Additionally, some of the most critical challenges associated with the design, fabrication, and evaluation of nanocomposite hydrogels are highlighted.
Nanocomposite Hydrogels From Carbon-Based Nanomaterials
Carbon-based nanomaterials such as CNTs, graphene, buckminsterfullerene (C60), and nanodiamonds are being investigated for potential applications in biomedicine (Cha et al., 2013; Goenka et al., 2014) . Specifically, CNTs and graphene are extensively used to incorporate multifunctionality such as high mechanical, electrical conductivity, and optical properties to the synthetic or natural polymers (Cha et al., 2013) . For example, both CNTs-or graphene-based nanocomposite hydrogels are evaluated for applications such as actuators, conductive tapes, biosensors, tissue engineering scaffolds, drug delivery systems, and biomedical devices (Goenka et al., 2014; Kuilla et al., 2010) .
CNTs are classified as multi-wall or single-wall CNTs. Both the types of CNTs are investigated for biomedical and biotechnological applications, however, one of the problems associated with CNTs is their hydrophobic nature that results in limited interaction with hydrophilic polymers. This is mainly attributed to the strong p-p interactions between the CNTs, which results in the formation of aggregates. To circumvent this drawback, several techniques are developed to enhance the dispersion of the CNTs within the nanocomposite network. For example, CNT surfaces are modified using various polar groups such as amines (NH 2 ), hydroxyls (OH), and carboxyls (COOH) to facilitate their dispersion in hydrophilic polymers (Ma et al., 2010) . Other strategies implemented to improve the solubility of the CNTs in aqueous solutions include the use of single-stranded DNA (ssDNA), proteins, and surfactants to modify the surface properties.
To engineer complex tissues, hydrogel networks with tailored functionality should interact with cells and direct the formation of functional tissue. To mimic complex tissue structures, a plethora of new approaches to design customized nanocomposite hydrogels are emerging (Schexnailder and Schmidt, 2009; Cha et al., 2013; Goenka et al., 2014) . Due to their high electrical conductivity, nanocomposites reinforced with CNTs can be used to engineer a range of electrically conductive tissues such as nerve, muscle, and cardiac tissues. In a preliminary study, methacrylated gelatin (GelMA) was reinforced with multiwall COOH-functionalized CNTs to fabricate hybrid nanocomposite hydrogels (Shin et al., 2011) . Multi-wall CNTs were coated with GelMA to generate a fibrous structure in which CNTs were imbedded within an interconnected and porous hydrogel network (Fig. 3) . Almost threefold increase in the tensile modulus was observed due to the addition of 0.5% CNTs to the GelMA hydrogels. The increase in the mechanical strength of GelMA hydrogels, due to the addition of the multiwall CNTs, was attributed to the formation of a nanofibrous mesh-like network of GelMAcoated multiwall CNTs (Shin et al., 2011) . It was demonstrated that cardiomyocytes seeded onto CNT-GelMA nanocomposite hydrogels had a threefold increase in their spontaneous beating frequency when compared with cells that were seeded on GelMA-alone hydrogels ( Fig. 3; Shin et al., 2013) . In addition, cardiomyocytes seeded onto the CNT-GelMA hydrogels showed highly aligned sarcomeric structures with tight intercellular junctions. Interestingly, the external voltage required to induce beating in the cells was significantly decreased due to the addition of the CNTs. This was mainly attributed to the higher electrical conductivity of the CNTs and the formation of a conductive network within the nanocomposite hydrogels. Engineered cardiac tissues when released from the substrate, spontaneously actuated and moved within a fluid environment due to the cyclical contraction of the cells. Although CNT-based hydrogels are able to demonstrate that lab-grown tissues can mimic some of the function of the native tissue, their utility in the body as tissue replacements needs to be further investigated due to their cytotoxicity concerns. Figure 2 . Engineered nanocomposite hydrogels. A range of nanoparticles such as carbon-based nanomaterials, polymeric nanoparticles, inorganic nanoparticles, and metal/ metal-oxide nanoparticles are combined with the synthetic or natural polymers to obtain nanocomposite hydrogels with desired property combinations. These nanocomposite networks are either physically or chemically crosslinked. By controlling the polymer-polymer or polymer-nanoparticles interactions, the physical, chemical, and biological properties of the nanocomposite hydrogels can be tailored.
Another approach to functionalize the surface of carbonbased nanomaterials is to graft polymer chains onto the CNT surfaces. In this approach, the CNTsurface is shielded and the surrounding polymeric network mainly perceives the surface grafted polymer (Liu and Guo, 2010) . This shielding approach can be used to enhance the dispersion of CNTs and physical interactions between CNTs and polymer. For example, the surface of the multiwall CNTs was hybridized with amyloid fibrils to generate fibrous hydrogels (Li and Mezzenga, 2012) . A significant decrease in the gelling concentration of the amyloid fibrils was observed due to the addition of the CNTs. It was observed that grafting the amyloid fibers on the CNTsurfaces significantly enhanced the polymer-nanotube interactions. This approach can be extended to various protein-CNT systems as many proteins can form amyloid fibers. It is envisioned that the proteinCNTs nanocomposite hydrogels can be used to design responsive hydrogels for applications such as tissue engineering, drug delivery, and biosensing.
Graphene is a two dimensional carbon-based nanomaterial with high mechanical strength and is an excellent conductor of heat and electricity. To enhance the solubility of graphene in physiological conditions, graphene sheets can be treated with strong oxidizers to obtain graphite oxide (GO). GO can interacts with hydrophilic polymers to form physically or covalently crosslinked networks. In one study, genetically engineered elastin-like polypeptides (ELPs) were non-covalently reinforced with GO to obtain hydrogel actuators that were stimuli responsive (Wang et al., 2013) . The resulting hybrid GO-ELPs hydrogels could be mechanically actuated to bend, stretch and twist when subjected to different radiation intensities.
Despite the improvement in the physical properties of the polymeric networks due to the addition of functionalized nanoparticles, in most studies nanoparticles were used as physical fillers in the polymer networks, and were not covalently incorporated into the resulting materials. The covalent crosslinking between polymer and nanoparticles enables the transfer of mechanical force within the crosslinked network, resulting in enhanced mechanical strength and toughness. For example, the molecular dynamic simulation indicates that by covalently conjugating the polymer chains with the CNTs, an order of magnitude increase in the mechanical strength was expected by involving less than 1% of the surface atoms present on the nanoparticle (Frankland et al., 2002) . Thus, carbon based nanoparticles such as CNTs can be used as a crosslinking agent if they can be chemically conjugated to the polymeric network.
In a recent study, mechanically stiff and highly resilient nanocomposite hydrogels were fabricated by covalently conjugating GO sheets to polyacrylamide (Liu et al., 2012) . In this study, GO sheets were functionalized via radiationinduced peroxidation to obtain graphene peroxide (GPO). The surface functionalization of GO enhanced the interfacial interactions between the GPO and the polymeric chains. The functionalized GPO was covalently crosslinked with polyacrylamide to obtain nanocomposite hydrogels. The chemical crosslinking between the polymer chains and GO sheets resulted in a mechanically stiff and elastomeric hydrogels. For example, more than 900% and 500% increases in tensile strength and elongation, respectively, were observed due to the addition of the GPO (3 mg/mL) compared with conventional polymeric hydrogels. This approach can be used to fabricate elastomeric scaffolds for tissues that are under constant mechanical stress and electrical stimulation. Although the functionalization of GO enhances the physical and chemical stability of the crosslinked network, additional studies are needed to investigate the interactions between mammalian cells and these hybrid nanocomposite networks.
Overall, during the past decade significant efforts have been focused on designing and developing hybrid hydrogels containing carbon-based nanoparticles (specifically CNTs and GO) for biomedical applications. Mechanically tough and electrically conductive hydrogels are developed by reinforcing the polymeric network by CNTs or GO. These nanocomposite hydrogels combine multiple functionalities, which is otherwise not possible by using conventional polymeric hydrogels. However, more detailed and mechanistic studies are required to investigate the biological properties of such hydrogels under in vitro and in vivo conditions.
Nanocomposite Hydrogels From Polymeric Nanoparticles
Polymeric nanoparticles such as dendrimers, hyperbranched polymers, liposomes, polymeric micells, nanogels, and coreshell polymeric particles have gained great attention in drug delivery application due to their ability to entrap hydrophobic or hydrophilic drugs (Joshi and Grinstaff, 2008; Seidlits and Peppas, 2007) . Among them, dendrimers and hyperbranched polymeric nanoparticles are attractive because of their highly branched and spherical structure. Due to their unique nanostructure, they display a multitude of functional groups on their periphery, resulting in higher reactivity and loading efficiency compared to the polymeric hydrogels fabricated from linear polymers (Gillies and Frechet, 2005) . Additionally, a multitude of bioactive agents such as drugs, proteins, and genes can be encapsulated within highly branched structure or can be conjugated on the periphery of the nanoparticles.
Dendritic nanoparticles can be used to reinforce the hydrogel network via covalent or non-covalent interactions with the polymeric chains. For example, polyamidoamine (PAMAM) dendritic nanoparticles were physically integrated within collagen scaffolds to improve the structural integrity and mechanical stiffness (Zhong and Yung, 2009 ). Interestingly, the addition of PAMAM nanoparticles significantly improved human conjunctival fibroblast proliferation in collagen hydrogels. The enhanced cellular proliferation is attributed due to the increase in the stiffness of nanocomposite network due to the addition of nanoparticles. The applications of these hybrid hydrogels from dendrimers and hyperbranched nanoparticles are envisioned in pharmaceutical and biomedical area that requires porous structure with controlled drug release properties (Oral and Peppas, 2004; Peppas et al., 2000; Seidlits and Peppas, 2007) .
Similarly, a tri-block copolymer made from poly(glycerolsuccinic acid) dendrimers as terminal blocks and PEG as the linear core was evaluated for soft tissue engineering applications (Sontjens et al., 2006) . By changing the dendrimer concentration, the stiffness of the hydrogels, the degradation properties and the hydration kinetics can be tailored. The nanocomposite hydrogels showed high stressabsorbing capacity and thus may be useful for cartilage tissue engineering applications. Interestingly, the encapsulated chondrocytes retained a rounded morphology and showed a significant increase in production of type II collagen and proteoglycans, due to the incorporation of the nanoparticles.
Most of the dendrimers/hyperbranched nanoparticles used to reinforce polymeric network for tissue engineering applications belong to the low generation macromolecules (2-3 generations), and therefore, hydrogels made from these nanoparticles possess poor drug loading efficiency and limited control over the release kinetic. To overcome these difficulties, hydrogels from hyperbranched poly(amineester) (HPE) nanoparticles (generation 5) were fabricated ( Fig. 4) (Zhang et al., 2013) . The periphery of the HPE nanoparticles was modified with photocrosslinkable moieties to form a covalently crosslinked network upon UV exposure. By controlling the crosslinking density, the physical properties of the resulting hydrogels including the microstructure and mechanical strength were tuned. These photocrosslinkable hydrogels are able encapsulate hydrophobic drug within the inner cavities of the nanoparticles. A controlled drug release from the nanocomposite network was observed for more than a week, which is otherwise difficult to achieve when using conventional hydrogels made from linear polymers.
Overall, a range of dendrimers/hyperbranched-based nanocomposite hydrogels with tailored physical and chemical properties has been evaluated for various tissue engineering and drug delivery applications. Mechanically stiff hydrogels with controlled drug delivery characteristics can be fabricated by combining dendrimers/hyperbranched nanoparticles with linear polymers. By providing appropriate therapeutic cues to the cells, a range of biological properties can also be controlled. However, most of the studies on dendrimers/hyperbranched nanoparticles-based hydrogels have been performed in vitro and thus additional animal experiments are required to examine their behavior in vivo.
Nanocomposite Hydrogels From Inorganic Nanoparticles
Inspired from the bioactive nanomaterials found in biological tissues, researchers are developing the next generation of advanced biomaterials by combining inorganic ceramic nanoparticles with natural or synthetic polymers. In the last few decades, a range of bioactive nanoparticles have been reported including hydroxyapatite (nHA), synthetic silicate nanoparticles, bioactive glasses, silica, calcium phosphate, When the precursor solution containing functionalized HPE and photoinitiator is subjected to UV radiation, a covalently crosslinked network is obtained. This covalently crosslinked hydrogel is mechanically stable and can maintain its shape in physiological conditions. b: Due to the presence of hydrophobic cavities within the HPE nanoparticles, hydrophobic drugs such as dexamethasone can be entrapped. A sustain release of drug from the hydrogels network was observed over a week. c: By controlling the crosslinking density of the HPE hydrogels, physical properties and cell adhesion characteristics can be tuned. d: Photolithography technique can be used to fabricated micropatterned hydrogel structure to control the cellular interactions. Adapted with permission from Zhang et al. (2013) . Copyright (2011) American Chemical Society.
glass ceramic, and b-wollastonite for biomedical applications (Hench and Polak, 2002) .
Most of these inorganic nanoparticles consist of minerals that are already present in the body and are necessary for the normal functioning of human tissues and have shown favorable biological responses (Hoppe et al., 2011) . For example, calcium is an important component of bone and plays a vital role in bone development and maintenance. The presence of intracellular calcium and phosphate in the osteoblasts promote the deposition of mineralized matrix and prevent bone loss. Similarly, silicon, another mineral component present in most of the ceramic nanoparticles, plays a key role in skeletal development. Silicon stimulates the osteogenic differentiation in human stem cells and also promotes collagen type I synthesis. Thus, incorporating such inorganic nanoparticles within polymeric hydrogels is expected to introduce bioactive characteristics to the network.
Various nanocomposite hydrogels have been synthesized by incorporating ceramic nanoparticles within the polymer matrix. For example, nHA was incorporated within poly(ethylene glycol) (PEG) matrix to obtain highly elastomeric nanocomposite hydrogels (Gaharwar et al., 2011a) . Interestingly, the addition of nHA to the polymeric network imparted elastomeric properties, enhanced mechanical strength and improved the physiological stability of the nanocomposite networks. Although the exact interactions between nHA and polymeric network were not investigated, it was speculated that apart from physical, electrostatic, and ionic interactions were also playing an important role for the high toughness and elastomeric properties of the nanocomposite networks. Moreover, the addition of nHA resulted in enhanced cell adhesion characteristics when compared with PEG hydrogels. Similar results were obtained when nHA was replaced with silica nanospheres (Gaharwar et al., 2013b) . The addition of silica nanoparticles to PEG hydrogels resulted in enhanced mechanical properties and cell adhesion characteristics. Due to enhanced bioactivity and high mechanical strength, these nanocomposite networks (PEGnHA and PEG-Silica) can be used as injectable fillers for orthopedic applications (Gaharwar et al., 2011a; Gaharwar et al., 2011b) .
Synthetic silicates nanoparticles, also known as nanoclays, have been observed to improve the physical and mechanical properties of polymeric hydrogels (Bordes et al., 2009; Wu et al., 2010; Gaharwar et al., 2010 Gaharwar et al., , 2012 . This is due to the anisotropic and plate-like, high aspect-ratio morphology of the nanoclay, resulting in high surface interactions between the polymers and the nanoparticles. Nanoclays are widely used to reinforce thermoplastic polymers in order to obtain hybrid structures with hierarchical structure, elastomeric properties, ultrastrong and stiff films, super gas-barrier membranes, superoleophobic surfaces, flame-retardant structures, and self-healing characteristic (Bordes et al., 2009; Wu et al., 2010) . Despite their unique physical and chemical properties, only a few reports have evaluated nanoclay-based nanocomposite hydrogels for biomedical applications such as controlled cell adhesion surfaces, injectable drug delivery matrix, and antimicrobial films (Gaharwar et al., , 2012 Dawson and Oreffo, 2013) .
Recent studies have shown that nanoclay (synthetic silicate nanoplatelets) can induce osteogenic differentiation of hMSCs without the use of exogenous growth factors (Gaharwar et al., 2013a) . These synthetic silicates trigger a series of events that follow the temporal pattern of osteogenic differentiation (alkaline phosphates (ALP)/RUNX2 transcripts upregulation, bone related matrix protein deposition (osteocalcin (OCN) and osteopontin (OPN)), followed by matrix mineralization). These unique bioactive properties of the synthetic silicates may be processed to create devices such as injectable tissue repair matrices, bioactive fillers or therapeutic agents for triggering specific cellular responses towards bone-related tissue engineering approaches.
Synthetic silicate nanoplatelets, when mixed with linear and branched polymers, result in mechanically strong and tissue-adhesive nanocomposite hydrogels (Gaharwar et al., , 2012 Schexnailder et al., 2010) . The unique physical and chemical properties of silicate-based nanocomposites are attributed to the high surface interactions of polymer and silicate nanoparticles. Specifically, this behavior was mainly attributed to the non-covalent interactions, as the polymer chains reversibly adsorb and desorb on the silicate surfaces (Gaharwar et al., 2012) . Such system show shear thinning characteristics and could therefore be used for minimally invasive therapies. In another study, the addition of silicates improved the elongation of the polymeric hydrogels due to the formation of physically crosslinked networks (Gaharwar et al., 2011b, c) . Interestingly, silicates that were incorporated within the PEG network enhanced cell and tissue adhesive properties of the nanocomposite hydrogels (Fig. 5) . This may be due to the protein adsorption on the surface of silicate particles that subsequently promotes cellular adhesion. Although preliminary investigation of synthetic silicate with mammalian cells suggests high cytocompatibility, additional in vivo experiments should be performed to examine the long-term cytotoxicity of silicate nanoparticles.
Other types of ceramic nanoparticles, such as calcium phosphate, bioglasses, and b-wollastonite, are also incorporated in different synthetic and natural polymers to obtain bioactive nanocomposite hydrogels (Schexnailder and Schmidt, 2009 ). Due to the high mechanical strength of these ceramic nanoparticles, they are mainly used to reinforce the polymeric network. The degradation or dissolution products of these ceramic nanoparticles can result in favorable biological response and thus providing opportunities for their use in various biomedical applications.
Nanocomposite Hydrogels From Metal and Metal-Oxide Nanoparticles
Various types of metallic nanoparticles used to fabricate nanocomposite hydrogels for biomedical applications include gold (Au), silver (Ag), and other noble metal nanoparticles, whereas metal-oxide nanoparticles include iron oxide (Fe 3 O 4 , Fe 2 O 3 ), titania (TiO 2 ), alumina, and zirconia (Schexnailder and Schmidt, 2009 ). Metal and metaloxide nanoparticles have been shown to possess desired physical properties such as electrical conductivity (Au nanorods), magnetic properties (iron oxides), and antimicrobial properties (Ag nanoparticles). Thus, nanocomposite hydrogels containing metal or metal-oxide nanoparticles are extensively used as imaging agents, drug delivery systems, conductive scaffolds, switchable electronics, actuators, and sensors (Schexnailder and Schmidt, 2009) .
The interactions between the polymer and the metal/ metal-oxide nanoparticles are often weak. However, by functionalizing the nanoparticle surfaces, the interactions between the polymer and the nanoparticles can be enhanced (Balazs et al., 2006; Caruso, 2001) . Such enhanced interactions significantly influence the physical, chemical, Figure 5 . Highly elastomeric hydrogel network was obtained from PEG-Silicate nanocomposites. a: Precursor solution containing silicate nanoplatelets and acrylated PEG when subjected to UV radiation results in the formation of a covalently crosslinked nanocomposite network. The nanocomposite hydrogels stick to soft tissues (b) and undergoe high deformation (c) and (d). e: The addition of synthetic silicate results in significant increase in mechanical stiffness and elongation of the nanocomposite network compared to polymeric hydrogels. f: Moreover the addition of silicate also promotes cells adhesion on the nanocomposite hydrogels. Adapted with permission from Gaharwar et al. (2011b) . Copyright (2013), with permission from Elsevier.
and biological properties of the nanocomposite hydrogels. For example, Au nanoparticles entrapped within the polymeric network consisting of hyaluronic acid (HA) and gelatin do not improve the mechanical properties (Skardal et al., 2010) . However, when thiol-functionalized Au nanoparticles are allowed to crosslink with the polymeric network, significant increase in the stiffness are observed. Such augmentation in the physical properties is related to the enhanced interaction of nanoparticles with the polymer chains resulting in the formation of a crosslinked network.
Metallic nanoparticles possess superior electrical and thermal conductivity. When such conductive nanoparticles are embedded or entrapped within a polymeric hydrogel network, they enhance the electrical conductivity of the nanocomposite hydrogels. In a recent attempt, researchers incorporated Au nanowires within macroporous alginate hydrogels to enhance the electrical conductivity of the polymeric network (Dvir et al., 2011) . Such conductive scaffolds can be used to engineer tissues that require propagation of electrical signals to facilitate the formation of functional tissues (Fig. 6 ). For example, neonatal rat cardiomyocytes when seeded within the conductive hydrogel network, contract synchronously when electrically stimulated (Dvir et al., 2011) . Moreover, the addition of Au nanowire to the alginate hydrogel also showed a higher expression of the cardiac markers (such as troponin I and connexin 43) in the seeded cardiac cells when compared to the alginate hydrogels. Figure 6 . Nanocomposite hydrogels containing gold nanowire and alginate. a: The distribution of gold nanowires determined using TEM indicates an average length of $1 mm and an average diameter of 30 nm. The uniform distribution of nanowire within the alginate scaffolds was also observed. b: The topographic mapping of nanocomposite detects the presence of nanowires. In nanocomposite, the current increased with bias voltage over the range À1 to 1V, while negligible current was passed through alginate (without nanowire) over that same range. c: Calcium transient was determined at various locations using calcium dye. The number indicates location of on the Alg-gold nanowire scaffold and the corresponding curves indicate calcium transport at those points. Adapted with permission from Dvir et al. (2011) . Copyright (2013) Nature.
Application of nanocomposite hydrogels for biomedicine depends on the type of physical and chemical characteristics of the network. For example, by incorporating magnetic nanoparticles within hydrogel network, the nanocomposite network can remotely interact with external magnetic fields. In a recent study, magnetic nanoparticles are covalently conjugated with biocompatible and thermoresponsive hydroxypropyl cellulose to obtain stimuli-responsive hydrogels (Gaharwar et al., 2009) . When these hybrid hydrogels are subjected to external magnetic fields, the magnetic nanoparticle entrapped within the hydrogel network generate heat. The increase in the temperature of surrounding matrix above the lower critical solution temperature of the polymer, results in a coil-to-globule transition of the polymer chains. Such triggers can be used to release therapeutic agents or cells from the nanocomposite hydrogels.
Other types of metal-oxide nanoparticles can be used to enhance the bioactivity of hydrogels. For example, nanophase alumina and titania, when incorporated within polymeric matrix such as poly-(L-lactic-co-glycolic acid) (PLGA), result in enhanced osteoblast adhesion and proliferation (Price et al., 2003; Webster et al., 2001 ). However, very limited studies focus on using these nanoparticles to fabricate hydrogel structures. This is mainly attributed to limited interactions between nanoparticles (such as alumina and titania) with polymeric chains that does not result in any increase in physical properties of the hydrogel network. In a recent study, the surface of titania was functionalized with amine groups to facilitate covalent interactions between the nanoparticles and carboxymethylcellulose (Pasqui et al., 2011) . These hybrid nanocomposite hydrogels can be used to encapsulate cells for tissue engineering applications.
Overall, various types metallic and metal-oxide nanoparticles are explored to design nanocomposite hydrogels with desired functionality. Besides using the metallic or metal-oxide based nanocomposite hydrogels for tissue engineering applications, they are also explored for biosensing, diagnostic, and bioactuation applications.
Next Generation of Nanocomposite Hydrogels
Nanocomposite hydrogels are being increasingly evaluated for various biomedical applications. The enhanced surface interactions between the nanoparticles and the polymer chains result in material properties that may be useful for various biomedical applications. However, most of the current nanocomposite approaches lack control over some essential features such as stimuli responsiveness and biodegradation. To address these challenges, alternate strategies have been developed to design nanocomposite hydrogels with multiple functionalities.
By combining multiple phases within a nanocomposite hydrogel network, several properties can be incorporated to mimic structure and properties of native tissues. For example, aliphatic ester dendrimers conjugated with PEG spacer can physically interact with inorganic nanoplatelets (ceramic nanoparticles) to form physically crosslinked hydrogels (Wang et al., 2010) . Interestingly, the crosslinked networks had self-healing characteristics, high mechanical strength, and adhesive properties. This provides an example of a multicomponent system to obtain distinct functionality within a hybrid hydrogel network.
In another study, biomimetic adhesive nanocomposite hydrogels were fabricated by combining polyacrylamide (PAAm), silicate nanoplatelets, and dopamine methacrylamide (DMA) (Skelton et al., 2013) . It was observed that the addition of DMA was necessary to enhance the stiffness and energy dissipation capability to mimic the properties of elastomeric tissues. The chemically crosslinked network and presence of DMA enhanced interfacial interactions of silicate and PAAm. Although, this study indicated that multicomponent hydrogels (PAAm-silicate-DMA) have superior physical and chemical properties compared to the twocomponent system (PAAm-silicate), additional experiments are required to understand and optimize the properties of these system for desired applications.
In a similar effort, researchers had fabricated multicomponent nanocomposite hydrogels from ferritin (iron core decorated with protein shell) and poly(vinyl alcohol) (PVA) using electrospinning (Shin et al., 2009) . When subjected to aqueous media, the electrospun fibrous mesh resulted in the formation of nanocomposite hydrogels due to the swelling of PVA. The addition of ferritin significantly enhanced the mechanical stiffness and reduced creep during the cyclic deformation of the nanocomposite hydrogels. Such properties were attributed to the presence of ferritin nanoparticles that act as nanoscale springs within the PVA matrix. These types of hybrid hydrogel networks can potentially be used to fabricate scaffolds for tissue engineering applications, stimuli responsive matrix for drug release, or as actuators. Although, these multicomponent systems were able to provide superior properties compared to one or two-components systems, the complexity involved in optimizing the desired composition may need to be addressed in future.
Recent trends in designing advanced biomaterials are shifted toward designing stimuli-responsive nanocomposites. These biomaterials show significant change in their physical, chemical, or biological properties with environmental stimuli. For example, poly(N-isopropylacrylamide) (PNIPAAm) based nanoparticles/hydrogels were used to design therapeutics device for tissue engineering and drug delivery applications. PNIPAAm exhibits a negative swelling transition at 34 C, which makes it an attractive system from a physiological standpoint for applications in drug delivery. Such polymeric systems were further decorated with appropriate nanoparticles to develop stimuli responsive matrices. The type of nanoparticles embedded within the hydrogel networks determines the type of stimuli that can be used to change their property. A range of stimuli responsive elements such as mechanically adaptive, pH/enzyme/ion responsive, electrically stimulating, thermo responsive, and magnetic responsive can be incorporated within nanocomposite hydrogels. These types of responsive nanocomposite hydrogels will direct the development of next generation of nanocomposite hydrogels (Schexnailder and Schmidt, 2009; Stuart et al., 2010) . Thus, there is tremendous opportunity to explore the potential of stimuli responsive nanocomposite hydrogels for biomedical and pharmaceuticals applications.
In a recent effort, Au nanoparticles were entrapped within stimuli responsive matrix to design therapeutic hydrogels (Owens et al., 2007) . The researchers designed such hybrid system by functionalizing Au-nanoparticles with PEG chains, and then encapsulated these hybrid nanoparticles within thermally responsive polyacrylamide (PAAm)/poly(acrylic acid) (PAA) interpenetrating polymer network. Au nanoparticles have the ability to absorb visible-to-near infrared (530-1,200 nm) wavelength and thus can be used to generate heat locally. The local heating by the nanoparticles was used to trigger swelling/dwelling of the polymeric network and resulted in the release of entrapped macromolecules. The covalently crosslinked PAAm-PAA interpenetrating polymer network can be used to deliver therapeutics using external trigger for range of biomedical and drug delivery applications.
In future, it is expected that hybrid materials will be merged with other types of technologies such as microfabrication approaches to understand cell-nanomaterials interactions. Microscale technologies are emerging as one of the powerful technology to address some of the challenges in tissue engineering (Khademhosseini and Langer, 2007; Khademhosseini et al., 2006) . For example, one of the major challenges in tissue engineering is our inability to engineer tissues with spatiotemporal control of cells, molecular cues and biophysical signals. Various microfabrication approaches are currently employed to control the cellular microenvironment. The development of photocrosslinked nanocomposite hydrogels provides an additional tool to control cellular behavior. Recent effort on GelMA-CNTs (Shin et al., 2013) and hyperbranched polyester (Zhang et al., 2013) nanocomposite hydrogels have shown that microscale technologies can be used to entrap cells in predefined geometries and cellular microenvironment. These microfabrication technologies allow better positioning of different types of cells within the hydrogel network to facilitate the formation of functional tissues. The use of microscale technologies in nanomaterials research will enable us to understand and address some of the complexity associated with engineering functional tissues.
Conclusions
Nanocomposite hydrogels are advanced biomaterials that can potentially be used for various biomedical and pharmaceutical applications. The application of these hydrogel networks includes sensors, actuators, drug delivery, stem cell engineering, regenerative medicine, and other biomedical devices. Compared to conventional polymeric hydrogels, nanocomposite hydrogels have superior physical, chemical, electrical, and biological properties. Electrically conductive scaffolds, mechanically stiff and highly elastomeric network, cell and tissue adhesive matrices, injectable matrices, and controlled drug delivery depots are some examples of nanocomposite hydrogels. The improved performance of the nanocomposite hydrogel network is mainly attributed to the enhanced interactions between the polymer chains and nanoparticles.
Designing the next generation of nanocomposite hydrogels will not only require close control over the physical, chemical, and electrical properties, but also the need to integrate suitable biological clues within the network. The synthesis and fabrication of such hydrogels network will focus on designing multi-components network, as two-components systems are not able to incorporate multiple functionalities. Additionally, future studies of nanocomposite hydrogels will also focus on understanding the interactions between polymeric chains and nanoparticles at different length scale. This will tailor the properties of the nanocomposite hydrogels for required applications. Moreover, new fabrication technologies will also be devised to recapitulate cellular microenvironment of native tissues within the nanocomposite hydrogels.
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